An intriguing feature of spintronics [1] is the use of pure spin-currents to manipulate magnetization [2], e.g., spin-currents can switch magnetization in spin-torque MRAM [3], a next-generation DRAM alternative. Giant spin-currents via the spin Hall effect [4] [5] [6] greatly expand the technological opportunities [7] . Conversely, a ferromagnet/normal metal junction emits spin-currents under microwave excitation, i.e. spin-pumping [8] [9] [10] . While such spin-currents are modulated at the excitation frequency, there is also a non-linear, rectified component that is commonly detected using the corresponding inverse spin Hall effect (iSHE) dc voltage [11] [12] [13] [14] . However, the ac component should be more conducive for quantitative analysis, as it is up to two orders of magnitude larger and linear [15] . But any device that uses the ac iSHE is also sensitive to inductive signals via Faradays Law and discrimination of the ac iSHE signal must rely on phase-sensitive measurements.
gives rise to an ac electric field E iSHE along x by virtue of the spin Hall effect.
Inductive voltages have long been exploited for the detection of magnetization dynamics [16] and exhibit similar experimental signatures and magnitudes as the signals expected from the ac iSHE [15] . We use the three-terminal device depicted in of approximately 100 Ω. Because the microwave termination for the dCPW is highly symmetric, the direct electromagnetic coupling from P1 to P3 is less than −28 dB for frequencies up to 20 GHz (see SI). This allows us to employ a vector network analyzer (VNA) to directly measure both ferromagnetic induction (FMI) and ac iSHE signals without need for either external compensation circuits [17] or nonlinear excitation schemes [18] .
For a static external magnetic field H 0 applied along the x direction, parallel to the eCPW, the equilibrium magnetization M points along the effective magnetic field H eff ≈ H 0 . The magnetization has dynamic components M z and M y as it precesses around H eff with angular frequency ω in ferromagnetic resonance (FMR), as depicted schematically in 
where µ 0 is the vacuum permeability, M y = m y e iωt , t F is the ferromagnetic thin film thickness, and 0 ≤ η ≤ 1 accounts for attenuation due to non-zero spacing between the Py and eCPW center conductor. It is important to note that magnetization dynamics thus cause inductive voltages in the eCPW and in the dCPW tabs in much the same way, with the only difference being the value of η.
To measure V FMI in the eCPW, we measure the scattering parameter S 11 vs. H 0 with the VNA at a fixed microwave frequency f . Figure 2a shows data for S 11 vs. H 0 obtained at f = 9 GHz for all samples. Note that S 11 is a complex quantity, but only the imaginary (absorptive) part is shown in Fig. 2a .
We first focus on the S 11 spectra obtained for the Py10/Cu4/Au2 sample. is sketched in Fig. 1d : The precessing magnetization is damped in part by an ac spin current J s pumped into the NM layer. M y gives rise to an ac electric field E iSHE ∝ σ × J s due to the spin Hall effect, where σ y is the spin-current polarization and J s z is the direction of spin current flow. The magnitude of the ac iSHE voltage along x is [15]
where g ↑↓ is the effective interfacial mixing conductance with units of m −2 , e is the electron charge, Θ SH is the spin Hall angle of the normal metal, λ SD is the spin diffusion length in the NM, M s is the saturation magnetization, σ F is the conductivity of the FM, and t N and σ N are the thickness and conductivity of the NM, respectively. Because both V FMI and V iSHE are proportional to m y , there is no qualitative difference between inductive and ac iSHE voltages other than a factor of −i, i.e., a −90
• phase shift. Furthermore, the ratio V iSHE /V FMI is estimated to be in the order of unity for typical Pt/Py bilayers: using 
λ SD = 1 nm and Θ SH = 0.1 as typical material parameters, we find V iSHE /V FMI ≈ 0.3. Thus, reliable separation of ac iSHE and FMI signals requires phase-sensitive detection.
In Fig. 2b , we plot the imaginary part of S 31 acquired simultaneously with S 11 . In S 31 , signals of similar amplitude are observed at the resonance fields of both CoFe and Py for all samples. As there is no reasonable expectation for a large ac iSHE in CoFe or Py10/Cu4/Au2, we presume that both resonance signals are due to FMI solely [19] [20] .
While the CoFe FMI signal is very similar for all samples and both orientations of H 0 , the shape of the Py/NM resonance changes from a peak for Py10/Ta5 and Py10/Cu4/Au2
(dashed lines) to a dip for the samples with Pt caps (solid lines) [21] . This is consistent with a phase shift of approximately 180
• correlated with the presence of Pt in the NM stack.
The behavior observed for Py10/Ta5 and Py10/Cu4/Au2 is consistent with the presumption that the ac iSHE signal is negligible in both cases.
To quantify the ac iSHE effect in our devices, we begin by fitting the S 31 data to a linear superposition of χ yy for the two magnetic susceptibilities χ CoFe and χ Py . (See SI for details).
An example of such a fit is shown in the inset of Fig. 3 for Py10/Pt5. We extract from the fits the resonance magnetic field H res (see SI), the line width ∆H, the magnitude Z, and the phase φ of the CoFe and Py resonances as a function of frequency for all samples. A linear fit of ∆H(f ) as shown in Fig. 3 is used to extract the total damping α and, thereby g ↑↓ . Results are tabulated in the SI.
While the extraction of H res and ∆H from susceptibility measurements is a standard procedure [22] , quantification of ac iSHE signals rests on the analysis of Z and φ, as all other parameters are common to both ac iSHE and FMI. For purely inductive and pure ac iSHE signals we expect
respectively. V 1 is the ac voltage applied at P1, and the dimensionless factor 0 ≤ ε ≤ 1 accounts for losses in the dCPW. Both Z FMI and Z iSHE are normalized to the magnetic susceptibility such that they are otherwise independent of the FMR response. If S 31 can be characterized as a linear superposition of FMI and ac iSHE responses, we can use
to deduce the magnitude and phase of the ac iSHE and FMI signals. As detailed in the SI, φ is referenced to the resonance phase of the CoFe tab. We plot the extracted Z and φ as a function of frequency for all investigated Py/NM bilayers and both H 0 polarities in Fig. 4a and b, respectively. Z is largest for the samples with a Pt cap and maximum for the Py5/Pt10 sample. This is not expected if the signals were purely FMI. From Eq. (1), one would expect Z ∝ t F such that the Py5/Pt10 signal would be half of that of Py10/Pt5.
Regarding the phase, φ = 0
• is expected for a pure FMI. Instead, we find φ ≈ 160
• for all samples capped with Pt, while −90
• for the samples without Pt. The large phase shift caused by inclusion of a Pt cap is indicative of an additional non-inductive signal source due to the presence of Pt.
Under the presumption that the additional signal is the result of the ac iSHE, we extract the ac iSHE contribution from the variation of Z and φ between the various samples. The signal from the Py10/Cu4/Au2 sample is effectively due solely to FMI, and we assume that the same FMI signal is present in all Py/NM stacks, except for the Py5/Pt10 sample, where
we scale the magnitude of the inductive signal by a factor of one half. due to M y (see green diamonds in Fig. 4a and 4b ). As we subtract the measured Z FMI (Py10/Cu4/Au2) from Z to obtain Z iSHE , a full quantitative understanding of the FMI signal is however not required.
The 180
• phase difference between samples with Pt and Ta cap in Fig. 4d is in accordance with the sign change of Θ SH from Pt to Ta [7] . Equations (1) and (2) predict a 270
phase difference of inductive to ac iSHE signals with positive (negative) Θ SH . As we find φ iSHE ≈ 160
• for the samples with a Pt cap and φ iSHE ≈ −20
• for the Py/Ta sample, we observe a ≈ 110
• lag in the ac iSHE phase. This suggests that Θ SH in metals is in actuality a complex quantity at microwave frequencies. Dispersion for spin accumulation via the SHE has been previously observed in semiconductors [23] , but a retardation effect for charge-/spin-current interconversion is surprising since it is generally assumed that electron momentum scattering sets the relevant time scale.
We now estimate the expected FMI and ac iSHE signals by use of Eqs. (1) to (3) . We obtain χ yy directly from fitting the spectra, the damping and g ↑↓ from the linear fits to the data in Fig. 3 to Landau-Lifshitz theory, and a fit of H res to the Kittel equation (see SI)
yields g ≈ 2.1 for the Py resonances of all samples. We use σ N and σ F from 4-probe dc resistance measurements of bare films. The only uncertain parameters are ε, λ SD , and Θ SH .
We first assume that V FMI from Eq. for Py/Cu4/Au2 is entirely possible as a result of a non-uniform dynamic magnetization depth profile due to eddy currents [20] and to shunting of the FMI signal by the NM layer that affects the source compliance. A lower limit for Θ SH is obtained by assuming zero losses (ε = 1) resulting in Θ Pt SH = 0.072 and Θ Ta SH = −0.006. Thus, Z iSHE is within the range expected from reported Θ SH of Pt [25, 26] and Ta [7, 27, 28] . Eq. (2) overestimates Z iSHE obtained for the two Py/Pt samples by a factor of 2, which may be caused by interfacial spin flip [29, 30] .
SUPPLEMENTARY INFORMATION Device assembly and characterization
The three terminal devices used for the measurements were assembled from two CPWs (the detection and excitation CPW) that were mounted at a fixed angle of (90 ± 5)
• with an air gap of δ ≈ 50 µm by an aluminum sample holder designed specifically for this pur- We characterized the microwave properties of the assembled devices using a calibrated vector network analyzer (VNA). A 2-port calibration was performed to P1 and P3 of the device using an electronic calibration kit. In Py5/Pt10 624 ± 9 2.128 ± 0.01 −0.1 ± 0.3 0.0221 ± 0.0004 4.11 Table I . Fitted parameters from the Py/NM resonance for the samples used in this study. Numbers indicate layer thickness in nm. The effective spin mixing conductance g ↑↓ was estimated using Eq. (11) assuming α 0 = 0.006.
signal-to-noise ratio observed in S 31 -measurement in Fig. 2 in the main text.
Fitting of the data
All S 31 spectra were fitted to the superposition of the complex χ yy components of the two magnetic susceptibilities χ Py/NM and χ CoFe with [32] 
where (j) =Py/NM or CoFe and with
and M eff from
Here, γ = gµ B / is the gyromagnetic ratio with the spectroscopic g-factor g, and Eq. (8) is the Kittel equation for in-plane geometry with ω = 2πf . Equation (7) does not take inhomogeneous broadening into account. This does not influence our results, as we recover the inhomogeneous broadening from the fitted ∆H as discussed below. The fits to the complex S 31 data are performed by a Levenberg-Marquardt optimization of
Here, C 1 and C 2 are complex offset and slope, respectively. They account for background and drift in S 31 (H 0 ). In addition to C 1 and C 2 , we obtain one set of fit parameters Z, φ,
∆H and H res for each resonance.
As detailed in Ref. [33] , for the fit of S 31 to Eq. (9), we set g = 2. The g-factor is recovered together with M eff in a second step, where we fit the H res vs. f data to H res (f ) extracted from Eq. (8). Data and corresponding fits for H res are shown in Fig. 6 . We then obtain the damping α and the inhomogeneous broadening ∆H 0 from a linear fit to the ∆H data shown in Fig. 3 in the main text to
where we use the value for g extracted from the Kittel fit in the previous step.
We now estimate the effective spin mixing conductance g ↑↓ by [9] 
where we use α 0 = 0.006 determined from a conventional VNA-FMR measurement of an unpatterned Py thin film and M s = 800 kA/m. The obtained material parameters for all samples are summarized in Table I . We observe very similar values of g ≈ 2.1 and ∆H 0 ≈ 0 for all samples, indicative of high uniformity of the sample magnetization, anisotropy and external magnetic field. Within fitting error, M eff is the same for all Py10/NM samples.
The reduction of M eff for the Py5/Pt10 layer is attributed to interfacial anisotropy [34] .
The extracted effective mixing conductances g ↑↓ are within the range of expectations for these combinations of materials [15, 24] . g ↑↓ is largest for the samples where the Py layer is in direct contact with a Pt layer, while insertion of a Cu layer significantly reduces g ↑↓ , consistent with experimental findings [26] and theoretical estimates [15] . Small effective mixing conductances for the samples with Ta and Au cap are mainly attributed to the effect of spin backflow [15] , which is large for materials with either a long spin diffusion length (Au) or low conductivity (Ta) [24] .
Reference resonator
Fitting results for Z CoFe and φ CoFe for all samples are shown in Fig. 7a and 7b, respectively. 
Calculation of driving field
In order to estimate V FMI and V iSHE from the equations given in the main text, m y = χ yy h y needs to be known. While we obtain χ yy from our fits as discussed above, we calculate h y by use of the Karlqvist equations [35] as
with ζ = 0.5 accounting for the non uniform current distribution in the center conductor that reduces h y at the position of the CoFe and Py/NM tabs with width w < w CPW as detailed in Ref. [36] .
